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The pea chloroplastic outer envelope protein OEP24 can function as a general solute channel. OEP24 is present in chlo-
roplasts, etioplasts, and non-green root plastids. The heterologously expressed protein forms a voltage-dependent,
high-conductance (

 

L 5

 

 1.3 nS in 1 M KCl), and slightly cation-selective ion channel in reconstituted proteoliposomes.

 

The highest open probability (

 

P

 

open

 

 

 

<

 

 0.8) is at 0 mV, which is consistent with the absence of a transmembrane potential
across the chloroplastic outer envelope. The OEP24 channels allow the flux of triosephosphate, dicarboxylic acids,
positively or negatively charged amino acids, sugars, ATP, and Pi. Structure prediction algorithms and circular dichro-
ism spectra indicate that OEP24 contains seven amphiphilic 

 

b

 

 strands. The primary structure of OEP24 shows no
homologies to mitochondrial or bacterial porins on a primary sequence basis, and OEP24 is functionally not inhibited by
cadaverine, which is a potent inhibitor of bacterial porins. We conclude that OEP24 represents a new type of solute
channel in the plastidic outer envelope.

INTRODUCTION

 

Carbon dioxide reduction and its assimilation into carbohy-
drates, amino acids, fatty acids, and terpenoid compounds
(Douce and Joyard, 1990) take place in chloroplasts. Annu-
ally, 

 

z

 

120 

 

3

 

 10

 

9

 

 tons of CO

 

2

 

 is converted into organic sub-
stances by chloroplasts of higher land plants. In addition,
chloroplasts are the sole site of nitrite and sulfate reduction
(Anderson, 1990; Crawford, 1995) and their assimilation in
organic compounds. Chloroplasts are surrounded by a pair
of double membranes, the inner and the outer envelopes,
which delimit spatially and temporally the chloroplastic
compartment from the cytoplasm. Both outer and inner en-
velope membranes differ in structure, function, and bio-
chemical properties but also cooperate, for example, in the
synthesis of lipids or in protein translocation. The various
biosynthetic functions of the chloroplasts require the exist-
ence of different and effective transport mechanisms of sol-
utes across the envelope membranes to provide the cell
with carbohydrates, organic nitrogen, and sulfur com-
pounds. On the other hand, chloroplasts take up inorganic
cations (K

 

1

 

, Na

 

1

 

, Mg

 

2

 

1

 

, and Ca

 

2

 

1

 

), anions (nitrite, sulfate,
and phosphate), and a variety of organic biosynthetic path-
way intermediates, such as phosphoenolpyruvate, dicar-
boxylic acids, acetate, amino acids, and ATP to fulfill their
biosynthetic tasks.

The outer envelope membrane is assumed to be freely
permeable for most small molecular weight solutes (Flügge and
Benz, 1984), like the outer membranes of mitochondria and
Gram-negative bacteria (reviewed in Benz, 1994; Nikaido,
1994). The permeability of the outer membranes of mito-
chondria and Gram-negative bacteria is caused by pore-
forming proteins, designated porins, which share structural
and functional features. Similar to these systems, the os-
motic barrier against the cytosol is formed by the inner en-
velope membrane, containing specific carrier proteins of
which some have been identified at the functional (reviewed
in Flügge and Heldt, 1991) and the molecular (Weber et al.,
1995; Fischer et al., 1997; Neuhaus et al., 1997) level.

Recently, we have identified a channel-forming protein,
OEP16, in the outer envelope membrane of pea chloro-
plasts. OEP16 selectively passes amino acids but excludes
sugars, sugar phosphates, and organic acids (Pohlmeyer et
al., 1997). Furthermore, a number of electrophysiological
studies using either giant chloroplasts of Nitellopsis (Pottosin,
1992, 1993) or isolated envelope membrane vesicles from
spinach (Flügge and Benz, 1984; Heiber et al., 1995) have
described the presence of different voltage-dependent,
high-conductance channels in the envelope membranes.
None of these chloroplast channels has been identified, and
thus, our understanding of how solutes cross the chloro-
plastic outer envelope is extremely limited.

Here, we present a molecular characterization and func-
tional reconstitution of a 24-kD chloroplastic outer envelope
membrane protein, OEP24. The primary structure of OEP24
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shows no homology to classic porins but shares structural
and functional features. OEP24 reconstituted into liposomes
forms a voltage-dependent, slightly cation-selective, high-
conductance channel, which could conduct a variety of sub-
strates, for example, sugars, sugar phosphates, dicarboxylic
acids, amino acids, Pi, and ATP, across the membrane.

 

RESULTS

 

With the exception of OEP16 (Pohlmeyer et al., 1997), no
solute channels have been identified in the chloroplastic
outer envelope. Accordingly, we have started to identify
pore-forming proteins by using the following rationale. Sol-
ute transport, including protein transport, is a major task of
the outer envelope membrane. Thus, proteins involved in
transport should be prominent in this membrane, as has
been shown for subunits of the protein translocon of chloro-
plastic outer envelopes Toc86, Toc75, and Toc34 (reviewed
in Lübeck et al., 1997; Heins et al., 1998) or the amino acid–
selective channel protein OEP16. An additional criterion that
is common to many channel proteins is their resistance to
proteolysis. One of the chloroplastic outer envelope proteins
that met this criterion was prominent after SDS-PAGE and
had an apparent molecular mass of 24 kD (data not shown).
Therefore, N-terminal and internal protein sequences were
obtained for the pea chloroplastic 24-kD protein, and a cDNA
clone was isolated. Both peptide sequences were found in
the deduced open reading frame, thus demonstrating that the
cDNA clone peacOEP24 codes for the 24-kD protein (Figure
1A). The deduced amino acid sequence of peacOEP24 starts
with the N-terminal protein sequence, indicating that OEP24
contains no cleavable chloroplast targeting signal. The cal-
culated molecular mass of the deduced protein is 23.4 kD,
and the protein has a pI of 9.1. The high content of hydro-
philic amino acids (49%) is unusual for an integral membrane
protein. A database search revealed no significant homolo-
gies to other proteins, except to expressed sequence tags
from rice (EMBL accession numbers D41099 and D40417)
and oilseed rape (EMBL accession number L30117), indicat-
ing that the 24-kD protein is present in both monocotyle-
donous and dicotyledonous plants.

An antiserum was raised against the recombinant protein
in a rabbit and used to study the subcellular and organ-spe-
cific distribution of the endogenous 24-kD protein. As
shown in Figure 1B (lane 1), the antiserum predominantly
recognized a polypeptide in the purified outer envelopes
from pea chloroplasts. Minor cross-reactivity was observed
with purified inner envelope vesicles (Figure 1B, lane 2),
which is consistent with the reported cross-contamination
of inner envelope membranes with outer envelope mem-
branes (Keegstra and Youssif, 1986). The antiserum cross-
reacted with neither stromal nor thylakoid proteins (Figure
1B, lanes 3 and 4) nor with a total membrane fraction from
potato mitochondria (Figure 1B, lane 5). These data estab-

lish that the cDNA clone peacOEP24 codes for a chloroplas-
tic outer envelope protein, which we named OEP24. OEP24
is present in plastids of roots, shoots, and leaves of pea
plants grown either in the dark or in the light, demonstrating
its presence in different plastid types (Figure 1C).

After treatment of purified chloroplastic outer envelope
vesicles with 0.1 M Na

 

2

 

CO

 

3

 

, pH 11.5, or 1 M NaCl, OEP24
was recovered in the insoluble membrane fraction (Figure
2A), indicating that it is an integral membrane protein (Fujiki
et al., 1982). Hydropathy analysis of the deduced amino acid
sequence and secondary structure prediction algorithms did
not reveal any amino acid stretches sufficient to span the
membrane in a helical conformation. However, seven puta-
tive amphiphilic 

 

b

 

 strands were predicted (Figure 2B), indic-
ative of a pore-forming protein. To confirm the secondary
structure prediction, circular dichroism (CD) spectra were
obtained from heterologously expressed OEP24. The pro-
tein was recovered from insoluble inclusion bodies (Figure

Figure 1. OEP24 Is Localized in the Chloroplastic Outer Envelope
from Pea and Present in Different Plastid Types.

(A) The amino acid sequence of OEP24 as deduced from the cDNA
clone peacOEP24 (EMBL accession number AJ001009). Amino ac-
ids verified by peptide sequencing are underlined. The asterisk indi-
cates the end of the protein sequence.
(B) Immunoblot analysis of the subcellular localization of OEP24.
Lane 1, outer envelope; lane 2, inner envelope; lane 3, thylakoids;
lane 4, stroma; and lane 5, total mitochondrial membranes from po-
tato equivalent to 20 mg of protein.
(C) Expression of OEP24 in different pea plant organs. Lane 1, 5 mg
of pea chloroplastic outer envelope protein; and lanes 2 to 5, total
membrane protein (100 mg per lane) from green leaves (lane 2),
green shoots (lane 3), roots (lane 4), and etiolated leaves (lane 5), re-
spectively.
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3C, lane 1) and purified after denaturation in 6 M urea by
successive anion and cation exchange chromatography, re-
spectively (Figures 3A and 3B). This procedure resulted in
an OEP24 preparation that was purified to apparent homo-
geneity (Figure 3C, lane 3).

Purified OEP24 was reconstituted into liposomes (OEP24
liposomes), and the CD spectra were measured to determine
changes in the relative abundance of secondary structure
motifs during reconstitution (Figure 4A). Fractions of sec-
ondary structure calculated by the self-consistent method of
Sreerama and Woody (1994) showed that the 

 

b

 

 sheet con-
tent increased drastically after reconstitution of the purified
protein into liposomes (Figures 4A and 4B), whereas the
spectra of urea-denatured OEP24 showed that the protein
adopts a largely extended conformation. In the liposome
membrane, the fraction of 

 

b

 

 sheets comprises 

 

z

 

50% of the
OEP24 secondary structure motifs (Figure 4B). These calcu-
lated values corroborate well with the secondary structure
prediction, which also indicates that 

 

b

 

 sheets are the most fre-
quently occurring secondary structure in the folded protein.

To examine whether OEP24 forms a pore in vitro, we used
the OEP24 liposomes for electrophysiological measure-

ments with the bilayer technique. After fusion of OEP24 lipo-
somes with the bilayer, single-channel currents could be
observed (Figure 5A). At low membrane potentials, the
channels were mainly open, and they were closed when
higher membrane potentials were applied (Figure 5A). Figure
5 shows current recordings from a bilayer containing three
active channels after application of a voltage step from 0 to

 

1

 

160 mV at 

 

t

 

 

 

5

 

 0. At higher membrane potentials, the same
channel behavior was observed when voltage ramps were
applied (Figure 5B). To estimate the ion selectivity and relative
permeabilities of the OEP24 channel, the reversal potential

 

V

 

rev

 

 was determined under a variety of ionic conditions (Table
1). The relative permeabilities to Ca

 

2

 

1

 

:K

 

1

 

:Cl

 

2

 

 

 

>

 

 3.0:1:0.27
were calculated according to Allen and Sanders (1995). This
shows that the OEP24 channel is highly permeable for Ca

 

2

 

1

 

ions and has a slight preference for cations (Table 1). Addi-
tional measurements of the relative permeability of the
OEP24 channel yielded the following information: Cs

 

1

 

(1.2) 

 

.

 

K

 

1

 

(1) 

 

.

 

 Na

 

1

 

(0.7) 

 

.

 

 Li

 

1

 

(0.6) 

 

.

 

 Tris

 

1

 

(0.3) 

 

.

 

 TEA

 

1

 

(0.1) (Table

Figure 2. OEP24 Behaves as an Integral Membrane Protein.

(A) Pea chloroplastic outer envelopes (oe, 10 mg of protein) were ei-
ther treated or not treated with 0.1 M Na2CO3, pH 11.5, or 1 M NaCl
and separated into a soluble (S) and insoluble (P) protein fraction by
centrifugation. The results of the immunoblot analysis are shown.
(B) Shown is a hydropathy analysis of the deduced amino acid se-
quence of OEP24 (Kyte and Doolittle, 1982) and secondary structure
prediction by the algorithm of Claros and von Heijne (1994). The x-axis
indicates number of amino acids; the y-axis is the hydropathy index
(without dimension). The open rectangles indicate the positions of
the b-strands.

Figure 3. Expression and Purification of OEP24.

OEP24 was expressed in E. coli BL21(DE3) and recovered from in-
soluble inclusion bodies.
(A) Insoluble protein was solubilized in 6 M urea and applied to an
anion exchange chromatography matrix in 25 mM Hepes-KOH, pH
7.6, 6 M urea, 1 mM EDTA, and 1 mM b-mercaptoethanol. The col-
umn was developed with gradients from 0 to 0.5 and 0.5 to 1 M
NaCl under the conditions mentioned above.
(B) OEP24, which was recovered in the flowthrough, was further pu-
rified by cation exchange chromatography. Proteins were eluted by
linear gradients from 0 to 0.5 and 0.5 to 1 M NaCl. OEP24 eluted at
z100 mM NaCl.
(C) Lane 1, protein pattern of OEP24 recovered from inclusion bod-
ies; lane 2, OEP24 obtained from the anion exchange flowthrough;
and lane 3, OEP24 obtained by cation exchange chromatography
from the 100 mM NaCl eluant. A silver-stained SDS–polyacrylamide
gel is shown. Numbers at right indicate molecular mass markers in
kilodaltons.
In (A) and (B), dotted lines indicate the salt gradient.
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1, where TEA is tetraethylamine and the numbers in paren-
theses are relative permeability). This series roughly reflects
the relative mobility of the corresponding ions in solution.
Therefore, these ions are likely to be transferred across the
membrane without changes in their hydration status, indi-
cating that the channel forms a wide pore and that its inter-
action with these ions is weak (Hille, 1992). The slope
conductance as calculated from Figure 5A is 

 

L

 

 

 

5

 

 250 

 

6

 

 15
pS (250/20 mM KCl, 

 

cis

 

/

 

trans

 

). From the current voltage re-
lationship of the open single channel, we obtained a similar
slope conductance of 

 

L

 

 

 

5

 

 250 

 

6

 

 12 pS. In bilayer experi-
ments with symmetrical 1 molal KCl buffer, we calculated a
slope conductance of 

 

L

 

 

 

5

 

 2.1 nS for the OEP24 channel
(Figure 6C).

During the course of the experiments, we also tested the
electrophysiological properties of the reconstituted OEP24
protein that had been recovered as insoluble inclusion bod-
ies without further purification (see Methods). As observed

for OEP24 purified by successive ion exchange chromatog-
raphy, channels closed immediately when higher membrane
potentials were applied (Figure 6A). The other electrophysio-
logical channel properties, that is, selectivity, voltage depen-
dence, and conductance, as well as the CD spectra of the
reconstituted protein (data not shown) obtained by using the
one-step preparation protocol and those of OEP24 obtained
by the more elaborate purification protocol, were identical.
Therefore, in the experiments described below, we used
OEP24 recovered from inclusion bodies.

The voltage dependence of the channel open probability
is shown in Figure 6B. From this result (Figure 6B), it is ap-
parent that the highest open probability (

 

P

 

open

 

) was maximal
at a membrane potential of 

 

V

 

m

 

 

 

5

 

 0 mV, decreasing with in-
creasing positive or negative potentials. These measure-
ments were performed under conditions in which channel
gating at a given voltage is expected to occur at equilibrium.
Voltages were applied for 5 min to approach equilibrium,
and only the current recordings of the last minute were used
to calculate 

 

P

 

open

 

. Above 

 

V

 

m

 

 

 

5

 

 

 

6

 

150 mV, the OEP24 chan-
nel is closed completely. In symmetrical buffers, the OEP24
channel showed a linear current–voltage relationship (Figure
5C), whereas the concentration dependence of the channel
conductance approached saturation behavior at very high
nonphysiological KCl concentrations (Figure 6C). Assuming
Michaelis-Menten–type saturating ion fluxes, the limiting
conductance of the channel would be 

 

L

 

max

 

 at 

 

<

 

 6.2 nS.
However, at physiological solute concentrations, the solute
fluxes through the OEP24 pore would be almost linear. By
the assumption of a simple, water-filled pore, a diameter of

 

z

 

3 nm can be calculated from the conductivities (Hille,
1992). The permeability of charged solutes was examined
by studying changes in the reversal potential (

 

E

 

rev

 

) resulting
from the addition of the solutes to either the 

 

cis

 

 or 

 

trans

 

-
compartments (see Table 1).

To assess the permeability of OEP24 for different non-
charged and charged solutes, we used the osmotically in-
duced fusion of OEP24 liposomes with the planar bilayer. By
using this technique, we could determine whether fusion of
bilayer-attached liposomes was completely due to their os-
motically induced swelling achieved by the addition of the
osmoticum to the 

 

cis

 

-compartment of the bilayer. By using
membrane impermeable solutes, the presence of an open
channel permeable for the osmotically active solute is es-
sential (Miller et al., 1976; Woodbury and Miller, 1990; for
details, see Methods). Because the OEP24 channel has its
highest open probability at 

 

V

 

m

 

 

 

5

 

 0 mV, this method is suited
ideally for testing permeation of substances through the
open pore. As shown in Table 2, all of the examined sub-
strates, which are of physiological relevance to chloroplast
metabolism, were able to pass through the OEP24 channel.
In the presence of sucrose, fusion events were detectable at
only 

 

ø

 

1% of the attempts, indicating that permeation
through OEP24 channels is very slow or impossible (see be-
low). TEA and Hepes also cannot permeate into the proteoli-
posomes. The main products of photosynthesis, such as

Figure 4. Structural Analysis of OEP24.

(A) CD spectra of OEP24 either denatured in 6 M urea or reconsti-
tuted into liposomes. CD spectra were recorded between 180 and
250 nm on a Jasco 720 CD spectropolarimeter, as described in
Methods. Dotted line at center indicates the zero line. deg, degree.
(B) Relative (rel.) abundance of OEP24 secondary structure either
denatured in 6 M urea or reconstituted into liposomes, according to
Sreerama and Woody (1994). P-II, disturbed helix in the presence of
two prolines.
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hexosephosphates, triosephosphates, and ATP, which are
exported to the cytosol, are channeled with the same effi-
ciency as acetate, 

 

a

 

-ketoglutarate, or Pi, which are taken up
by mature chloroplasts (Preiss et al., 1993). All of the tested
amino acids could penetrate into the liposomes through the
OEP24 channel. Cadaverine, an effective inhibitor of bacte-
rial porins, is also channeled by OEP24.

The light-scattering properties of OEP24 liposomes also
were used to investigate the permeability of OEP24 to differ-
ent noncharged or charged solutes. Turbidity changes of li-
posome suspension are related mainly to volume changes.
After a fast increase in the osmolarity of the surrounding me-
dium, the following is to be expected. If the liposome mem-
brane is impermeable to the osmoticum, the liposomes will
shrink. Little or no volume change is expected when the mem-
brane is permeable to the solute. Depending on liposome sta-
tus (unilamellar or multilamellar) and variation in the size
distribution of vesicles and their average size (Yoshikawa et
al., 1983; Viera et al., 1996), shrinking of the liposomes may
induce positive or negative changes of turbidity. The size
distribution can be measured qualitatively by the wavelength
dependence of the turbidity, which can be approximated to

 

l

 

2

 

(x)

 

 in the region from 350 to 800 nm, where 

 

2

 

(x) is a vari-
able fit parameter. The wider the size distribution becomes,
the smaller is the value of the exponent (x) (Yoshikawa et al.,
1983). Changes in the osmolarity from 

 

D

 

10 mOsm to 

 

D

 

100
mOsm (where Osm stands for osmolar) by the addition of KCl
and sucrose to liposomes containing no proteins induced tur-
bidity changes in the same direction ([

 

D

 

A

 

/

 

A

 

]

 

400

 

 

 

nm

 

 

 

5

 

 

 

2

 

0.08).
For some solutes, only less concentrated stock solutions
could be prepared, for example, ATP (Table 2). The lower

 

D

 

Osm values yielded smaller turbidity changes with the
same sign ([

 

D

 

A

 

/

 

A

 

]

 

400

 

 

 

nm

 

 

 

ø

 

 20.08).
For OEP24 liposomes, the addition of KCl, sucrose, and

dextran (apparent molecular mass of 10 kD) produced
different changes in suspension turbidity. Although the
(DOsm)KCl of 100 mOsm produced a fast turbidity change of
(DA/A)400 nm ø 0.08, the addition of sucrose ([DOsm]sucrose of
100 mOsm) produced a slowly increasing turbidity change

Figure 5. Electrophysiological Properties of Purified Recombinant
OEP24.

(A) Current trace from a bilayer containing three active channel cop-
ies in response to a voltage jump from 0 to 160 mV at t 5 0. The cis-
chamber contained 250 mM KCl and 10 mM CaCl2, and the trans-
compartment contained 20 mM KCl. The dotted line indicates the
difference in current upon closure of one channel.
(B) Current–voltage relationship of OEP24 after a voltage sweep
(D 5 20 mV/sec) from 2150 mV to 1180 mV. Solutions are as given
in (A). The bilayer contained two active pores, which closed at high
positive and negative potentials.
(C) Current–voltage relationship of single-channel conductance (n ù
3 for each data point). Experimental conditions are as given in (A).
The line represents the linear regression of the data with a slope
conductance of L 5 291 6 4.4 pS.

Table 1. Relative Ion Permeability of OEP24 Liposomes

cis trans Erev (6 SD)

250 mM KCl 250 mM KCl
5 mM CaCl2 5 mM CaCl2 0 6 0.5 mV (n 5 4)

250 mM KCl 25 mM KCl
5 mM CaCl2 5 mM CaCl2 26 6 2.5 mV (n 5 4)

250 mM KCl 250 mM KCl
5 mM CaCl2 25 mM CaCl2 12 6 1.8 mV (n 5 4)

250 mM KCl 250 mM CaCl2 25 6 0.5 mV (n 5 4)
250 mM KCl 250 mM LiCl 14 6 1.3 mV (n 5 4)
250 mM KCl 250 mM CaCl2 9 6 0.8 mV (n 5 4)
250 mM TEA-Cl 250 mM KCl 232 6 1.2 mV (n 5 3)
250 mM Tris-Cl 250 mM KCl 230 6 2.2 mV (n 5 3)
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approaching a value of (DA/A)400 nm 5 0.07, with a half-time
of z1.5 min. When dextran (apparent molecular mass of 10
kD) of (DOsm)dextran 5 25 mOsm was added to the OEP24 li-
posome suspension, a turbidity change of (DA/A)400 nm 5

20.018, which is a value almost identical to the one ob-
tained for control liposomes ([DA/A]400 nm 5 20.016), was
observed, indicating that dextran cannot permeate the
OEP24 channel. Concomitantly, no fusion of the OEP24 li-
posomes to planar bilayers was observed with dextran (ap-
parent molecular mass of 10 kD) as the osmotically active
solute. Although turbidity measurements have to be inter-
preted with caution, they can be interpreted as follows when
combined with the results of bilayer fusion and the electrical
measurements. (1) OEP24 is impermeable to dextran (ap-
parent molecular mass of 10 kD). With this compound as the
osmotically active solute, no fusion of OEP24 liposomes to
planar bilayers was observed, and (DOsm)sucrose 5 25 mOsm
produced a moderate shrinkage of the liposomes. (2) OEP24
is only slowly permeable to sucrose. With sucrose as the os-
motically active solute, fusion of OEP24 liposomes to planar
bilayers was observed only very rarely. (With the applied fu-
sion technique, the transit time of liposomes passing the bi-
layer area and allowing fusion to occur is ,30 sec.) (3)
OEP24 is highly permeable to KCl. Ion currents through the
OEP24 pore carried by K1 and Cl2 have been measured
(see above). With KCl as an osmotically active solute, easy
fusion of the OEP24 liposomes to planar bilayers was ob-
served, and (DOsm)KCl 5 100 mOsm produced a fast in-
crease in the liposome volume.

Based on these data, we used the turbidity measurements
to reinvestigate qualitatively the permeability of OEP24 to
different noncharged solutes, as listed in Table 2. The re-
sults obtained for the permeability of OEP24 to different sol-
utes by measuring changes in turbidity gave identical results
in comparison with the electrical measurements to the os-
motical-induced fusion of OEP24 liposomes. Taken to-
gether, these results show that the OEP24 forms a large
rather nonselective pore.

DISCUSSION

The different types of plastids are important cellular com-
partments involved in both the synthesis and storage of var-
ious compounds, for example, carbohydrates, lipids, and
amino acids. Whereas the inner envelope membrane con-
tains a number of already identified carrier proteins (Weber

Figure 6. Electrophysiological Properties of Reconstituted OEP24
Obtained from Insoluble Inclusion Bodies.

(A) Current traces after voltage jumps from 0 to 1120 mV and from 0
to 2120 mV. cis- and trans-compartments contained symmetrical
250 mM KCl.
(B) Open probabilities of the OEP24 pore. Conditions are as given in
(A). To approach the equilibrium, given voltages were applied for 5

min, but only the mean current of the last minute was used as a rep-
resentative steady state current.
(C) Single-channel conductance at increasing KCl activity of the so-
lution, revealing the saturation behavior of OEP24. Each data point
represents the average of three independent measurements.
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et al., 1995; Fischer et al., 1997; Neuhaus et al., 1997), only
two channel proteins of the outer envelope, namely, Toc75
and OEP16, have been described. Toc75 forms the protein
translocation channel of the outer envelope protein translo-
con (Hinnah et al., 1997). OEP16 is an amino-selective chan-
nel protein (Pohlmeyer et al., 1997) but not a general solute
channel protein. In vitro electrophysiological measurements
using heterologously expressed and reconstituted protein
show that OEP24 forms a voltage-dependent, high-conduc-
tance solute channel with a slight selectivity for cations. To-
gether, these results strongly suggest that OEP24 also
forms a general solute channel in situ.

From the protein-to-lipid ratio during reconstitution, we
calculate that a maximum (100% reconstitution efficiency) of
15 OEP24 molecules per lipid vesicle can be obtained after
reconstitution (Hinnah et al., 1997). Purified OEP24 does not
contain .1% contamination by other proteins, as was de-
termined from the silver-stained SDS–polyacrylamide gel.
Thus, we expect (100% reconstitution; apparent molecular
mass contamination of 30 kD) 0.1 molecules per lipid vesicle
of a potential contaminant channel protein. In the course of
the experiments, we observed that fusion events of single li-
posomes always led to multiple incorporation of active
channels. Coincident fusion of at least 10 vesicles contain-
ing an average of 0.1 channel molecules within a time win-
dow of z1 msec would be required to produce the observed
simultaneous appearance of channel activity, which is ex-
tremely unlikely. Recently, the electrophysiological charac-

terization of Toc75 (Hinnah et al., 1997) and OEP16
(Pohlmeyer et al., 1997) was reported. Both reports revealed
properties very different from those of OEP24, even though
the same expression system and Escherichia coli strains
were used in all cases. Furthermore, cadaverine, an effective
inhibitor of E. coli porins (DeLa Vega and Delcour, 1996),
permeates through the OEP24 channel. Therefore, it seems
most unlikely that the channel activity measured in our OEP24
preparations is due to a protein contamination from E. coli.

OEP24 shows no homologies in its primary structure to
other channel or porinlike proteins. However, secondary
structure prediction algorithms and CD spectra of OEP24 li-
posomes indicate the presence of amphipathic b strands,
which is the typical secondary structure of bacterial and mito-
chondrial porins (Cowan et al., 1992; De Pinto et al., 1991).
The high content of hydrophilic amino acids in the primary
sequence also seems to be a common feature of pore-form-
ing proteins (Benz, 1994; Nikaido, 1994; Hinnah et al., 1997;
Pohlmeyer et al., 1997). The high conductivity of OEP24
channels (2.1 nS in 1 molal KCl) and the calculated diameter
of the aqueous pore of 2.5 to 3 nm indicate that the channel
is formed by an oligomer. Chemical cross-linking of isolated
purified outer envelope membranes indicates that OEP24
can form a homodimer, whereas heterooligomeric com-
plexes were not observed (K. Pohlmeyer and J. Soll, unpub-
lished results).

OEP24 is present in differently developed plastids, that is,
chloroplasts, etioplasts, and non-green plastids from roots.
Recently, a 30-kD protein was described from pea proplas-
tids that showed significant homology to mitochondrial por-
ins from potato (Fischer et al., 1994; Heins et al., 1994).
Biochemical data led to the assumption that the 30-kD
porinlike pea protein was not present in chloroplasts but is
restricted to proplastids only. This indicates the general rele-
vance of the OEP24 as a general solute channel for plastid
metabolism. The low substrate selectivity in vitro makes it
probable that OEP24 functions as a general diffusion pore
similar to porins in the outer envelope of Gram-negative
bacteria and mitochondria. In line with this proposal, the
open probability of the OEP24 channel is highest at 0 mV,
which is similar to classic porins. Current evidence predicts
that no significant membrane potential exists across the
chloroplastic outer envelope (Douce and Joyard, 1990), re-
sulting in an open OEP24 channel. Any other regulation
mechanisms for OEP24 as they are predicted for porins re-
main to be established (Liu et al., 1994; Lee et al., 1996).

OEP24 conducts most tested solutes, including amino ac-
ids, that are also selectively channeled by OEP16. The exist-
ence of selective channels might be necessary and useful
under limiting rates of metabolic substrates. In this case, the
concentration of amino acids drops below a certain thresh-
old value, requiring high-affinity channeling. In the outer
membrane of Gram-negative bacteria, general diffusion
pores and selective channels are also present side by side
(reviewed in Nikaido, 1994). The electrophysiological char-
acterization of purified outer envelope membranes indicates

Table 2. Selectivity of Reconstituted OEP24 Channels

Substrate Permeabilitya

Glycine 1

Valine 1

Arginine 1

Glutamate 1

Aspartate (1)b

Cadaverine 1b

Manitol 1b

Sucrose (1)b

Glucose 1b

Glucose 6-phosphate 1

Gluconate 1b

Phosphoglyceric acid 1

Dihydroxyacetone 1

a-Ketoglutarate 1

Malate 1

Acetate 1

ATP 1b

Tris(hydroxymethyl) aminomethane 1b

Tetraethylamine (1)b

Hepes (1)b

a1, highly permeable; (1), slowly permeable.
b Identical results obtained by changes in turbidity measurements of
OEP24 liposomes. Solutes not marked were not tested.
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the presence of additional channel-forming activity (Hinnah
et al., 1997). Similar conclusions have been drawn from elec-
trophysiological measurements by using either giant chloro-
plasts from Nitellopsis (Pottosin, 1992, 1993) or a mixed
outer and inner envelope preparation from spinach (Heiber
et al., 1995). However, in these studies, it was not possible
to differentiate between voltage-gated channels of the outer
and inner envelope membranes, respectively. Because the
previously identified chloroplastic outer membrane channels
Toc75 and OEP16 are involved in protein translocation and
specific channeling of amino acids, respectively, OEP24
represents the only nonselective channel protein identified
in the outer envelope of chloroplasts.

METHODS

cDNA Cloning and Overexpression

Sequence information was obtained by protease endoproteinase
Glu-C (Boehringer Mannheim) digestion of SDS-PAGE purified
OEP24 from chloroplastic outer envelope membranes (Cleveland,
1983). The deduced nucleotide sequences of the two peptides were
used for a database search in dBEST. A homologous expressed se-
quence tag from rice (cDNA clone S3369; EMBL accession number
D41099) was identified and used as a template to synthesize a ran-
dom-primed digoxigenin-labeled probe by polymerase chain reac-
tion (PCR), according to the manufacturer’s recommendations
(Boehringer Mannheim). A pea cDNA expression library (UniZAP XR;
Stratagene, La Jolla, CA) was screened with this probe, resulting in
the isolation of peacOEP24. Both strands were sequenced (Sanger
et al., 1977). The cDNA sequence reported in this study has EMBL
accession number AJ001009. A NdeI site was introduced at the first
methionine of the coding region of peacOEP24 by PCR, using the
forward primer 59-GGGGGGCATATGAAGGCCGCTTTGAAGGGC-
AAATACGAC-39 and the universal primer. The PCR product was di-
gested with NdeI and XhoI and ligated into pET21b, resulting in
peacOEP24pet. Overexpression was done after transforming Es-
cherichia coli BL21(DE3) cells (Novagen, Madison, WI). Recombinant
OEP24 was recovered from insoluble inclusion bodies (Waegemann
and Soll, 1995).

Purification of Recombinant Protein

For further purification, the protein was dissolved in 6 M urea, 50 mM
Hepes-KOH, pH 7.6, 1 mM EDTA, and 10 mM b-mercaptoethanol
and passed over an anion exchange resin (Source Q; Pharmacia) as
a first step of the purification protocol. OEP24 was recovered in the
flowthrough and passed over a MonoS cation exchanger (Pharma-
cia) from which it was eluted at z100 mM NaCl. The protein was di-
alyzed against water, freeze dried, and used for reconstitution
experiments.

Isolation of Membrane Vesicles

Pea (Pisum sativum var Golf) plants were grown for 12 to 14 days in
a growth chamber under a 14-hr-light and 10-hr-dark regime. Intact

chloroplasts were isolated from leaves and further purified by silica–
sol gradients (Waegemann and Soll, 1991). After shrinking the intact
chloroplasts (0.65 M sucrose and 20 mM Tricine, pH 7.9) and ruptur-
ing them with 50 strokes by using a Dounce homogenizer, thylakoids
were spun down at 4000g. The supernatant was subjected to a fur-
ther centrifugation at 200,000g, resulting in a membrane pellet that
was used for separation of outer and inner membrane vesicles by su-
crose density gradient centrifugation, according to Keegstra and
Youssif (1986). The supernatant contained all soluble proteins and
was described as the stromal extract. The thylakoids were washed at
least twice (50 mM Na-Pi buffer, pH 7.4, and 10 mM NaCl) before fur-
ther use. Mitochondrial membranes were isolated from potato mito-
chondria, according to Braun et al. (1992).

Liposomes

Small liposomes were obtained by dissolving 50 mg/mL azolectin
(type IV S; Sigma) in 10 mM Mops-Tris, pH 7.0, by using the microtip
of a sonifier (Branson, Danbury, CT). Liposomes were freeze thawed
once.

Insoluble inclusion bodies containing OEP24 were solubilized in 8
M urea, 80 mM MEGA-9 (Calbiochem, Bad Soden, Germany), and 10
mM Mops-Tris, pH 7.0, and mixed with the preformed liposomes to a
final concentration of 0.1 mg of protein per 10 mg of azolectin. The
suspension was freeze thawed and sonified in a supersonic bath. Af-
ter 1.5 hr of incubation at room temperature, the suspension was di-
alyzed overnight against buffer containing 10 mM Mops-Tris, pH 7.0,
at 48C and used for bilayer measurements.

Purified OEP24 was resuspended in 80 mM MEGA-9, 6 M urea,
and 10 mM Mops-Tris, pH 7.0, and reconstituted as described
above.

Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were measured by using a Jasco-J-720
spectropolarimeter (Jasco Labor- und Datentechnik GmbH, Gross-
Umstadt, Germany) after calibration with (6)-10-camphorsulfonic
acid. The spectra were recorded at 208C in a quartz cell with a 0.5-cm
optical length path. Scans were performed at a rate of 0.2 nm/sec
and averaged (n 5 100) to improve the signal/noise ratio. Both sam-
ples (OEP24 in 6 M urea and OEP24 liposomes) were adjusted to the
same protein concentration: 50 6 20 mg protein.

Electrophysiological Measurements

Planar lipid bilayers were produced by using the painting technique
(Mueller et al., 1962; Miller and White, 1984). A solution (1mL) of 50
mg/mL L-a-azolectin in n-decan was applied to a hole (100 to 200
mm in diameter) in a Teflon septum, separating the two bath cham-
bers (total volume z3 mL each), which were equipped with magnetic
stirrers. The resulting bilayers had a typical capacitance of z0.5 mF/
cm2 and a resistance of .100 GV. The noise was z1 pA (root mean
square) at 5 kHz bandwidth. After a stable bilayer was formed in
symmetrical solutions of 20 mM KCl and 10 mM Mops-Tris, pH 7.0,
the solution of the cis-chamber was changed to asymmetrical con-
centrations (cis-chamber; 250 mM KCl, 10 mM CaCl2, and 10 mM
Mops-Tris, pH 7.0) by adding concentrated solutions of KCl and
CaCl2. The liposomes were added to the cis-compartment directly
below the bilayer through the tip of a micropipette to allow the flow of
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the liposomes across the bilayer. If necessary, the solution in the cis-
chamber was stirred to promote fusion. After fusion, the electrolytes
were changed to the final composition by perfusion. The Ag/AgCl
electrodes were connected to the chambers through 2 M KCl–agar
bridges. The electrode of the trans-compartment was connected di-
rectly to the headstage of a current amplifier (EPC 7; List-electronic,
Darmstadt, Germany). Reported membrane potentials are referred to
the trans-compartment. The amplified currents were recorded on a
modified digital audio tape recorder digitized at a sampling interval of
0.2 msec and fed into an Axolab 1100 A/D converter (Axon Instru-
ments, Foster City, CA) to store on the hard disk of an IBM-compat-
ible personal computer. For analysis, a Windows-based analysis
software (SCIP single channel investigation program) developed in
our laboratory was used in combination with Origin 4.1 (Microcal
Software Inc., Northampton, MA).

Electrophysiologically Monitored Flux of Charged Solutes

The permeability ratio of the cation-to-anion fluxes of the charged
solute was determined by measuring the equilibrium potential and by
using the Nernst equation. Therefore, a 10-fold concentration gradi-
ent of the solute was used for all experiments.

Electrophysiologically Monitored Osmotic Permeation Assay

Bilayers were produced as described above. A highly concentrated
solution of the solute to be tested was then added to the cis-cham-
ber to reach a final concentration of 250 mM. Concentrated CaCl2
and KCl solutions were also added to a final concentration of 20 mM
each (calcium was added only on the cis-side). Liposomes contain-
ing reconstituted OEP24 were applied as described above. A mem-
brane potential of 100 mV was applied (trans-chamber positive). The
pH of the solute stock solution was adjusted by using tetraethyl-
amine (TEA)/OH and Hepes. Neither ion was able to promote fusion
on its own. All other conditions were as outlined previously (Miller et
al., 1976; Woodbury and Miller, 1990).

Optical Measurements

Time scan (duration, 2 min) absorbance measurements were per-
formed in an Aminco DM2000 UV-Vis spectrophotometer (SLM-
Aminco; Spectronic Instruments, Inc., Rochester, NY) at 400 nm.
Liposomes equivalent to an optical density of 0.15 to 0.2 were equil-
ibrated in 1 mL of a solution containing 10 mM TEA-Hepes, pH 7, and
10 mM KCl. The absorbance at 400 nm was monitored for 15 sec,
and the osmotically active solute was added from a 1 M stock solu-
tion (in the case of ATP, a 200 mM stock was used). After stirring for
10 sec, the change of absorbance was monitored continuously up to
2 min. The pH of the stock solutions was titrated by addition of TEA/
OH or solid Hepes, when required. The relative changes of the tur-
bidity at 400 nm were calculated according to

,

where Abaseline is the average absorbance (i 5 10 sec) before the ad-
dition of the osmoticum, and Asat is the average absorbance during
the last 10 sec of the measuring interval of 120 sec. When required,

∆A A⁄( )
Abaseline Asat–

Abaseline
----------------------------------=

the apparent absorbance changes were corrected for those resulting
from changes in the refractive index after addition of the osmoticum.
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